Experimental
Introduction
Rare earth elements (REEs) should find wide applications in high-tech industries in the near future owing to their special electronic structure, as well as physical and chemical characteristics. As a result, it will be unavoidable for REEs to find their way into the environment and biosphere. Therefore, the monitoring of REEs contents will become increasingly important. Although ICP-AES is a sensitive method for the determination of elements, in order to improve the detection limit, accuracy and precision of trace elements of the samples or of very complex chemical reagents, a separation/preconcentration step is often required. The techniques frequently used for the separation/preconcentration of REEs are liquid-liquid extraction, 1 co-precipitation, 2 ionexchange, 3 solid-phase extraction (SPE) [4] [5] [6] and HPLC, 7 and so on. Owing to its advantages of simple operation, very low chances of sample contamination, mini-volume extraction available and high-fold concentration (concentration factor of up to 10 -100), solid-phase extraction is often applied to the separation/preconcentration of trace metal ions. Many different sorbents are available today, each offering a different selectivity; these include: modified silica, CeO2, ZrO2, TiO2, MgO, resin, biological materials etc. In this work, nano-size titanium dioxide (NSTD) is used as the sorbent.
Nano-sized materials are kinds of functional materials, which have attracted much attention in recent years. 8, 9 They possess a series of unique physical and chemical properties. Their surface atom numbers, special surface areas, surface energies and surface chemical bond energies rapidly increase with a decrease of their particle radius. The surface atoms lack neighbor atoms around them. Because they possess insaturability and are subject to combination with other ions by static electricity, they have great chemical activities. In addition, nano-sized materials have very high capacity of adsorption to many metal ions. The adsorption balances can also be reached quickly. As reported in some literature, 10, 11 NSTD possesses a higher adsorption capacity for transition-metal ions than other adsorbents, and a adsorption equilibrium is reached quickly, which makes it possible to obtain satisfactory results in the separation/ preconcentration of trace metal ions.
ETV-ICP-AES is an analytical technique in which the evaporation and excitation of samples are separately carried out. It combines both advantages of GFAAS and ICP-AES: the slurry (solid) sample introduction of GFAAS, and the multielement capability and sensitivity of ICP-AES. When this technique is applied to analyze rare earth elements, there exist some difficulties, such as the very low volatility of the oxides of REEs, which can further form refractory carbides with even lower volatility at high temperature in a graphite furnace. The use of chemical improving reagents to ETV-ICP-AES can change the oxides into volatilizable substances, and can simultaneously effectively prohibit the formation of carbides effectively. 12 Analytical techniques have been reported, in which polytetrafluoroethylene (PTFE) was used as a chemical improving reagent in ETV-ICP-AES, and was successfully applied to the direct analysis of solid samples of biological, environmental, geological and high-energy materials. 13, 14 In this work, NSTD is utilized as a new type of adsorption material to separate/preconcentrate the rare earth ions in the experiment. Under the condition of optimized pH, NSTD can quantitatively adsorb the ions of REEs. The ions adsorbed on NSTD are directly determined by fluorination-assisted ETV-ICP-AES (FETV-ICP-AES) through slurry sampling at a proper ashing temperature and optional volatilization. The abovementioned analytical technique possesses some advantages, such as a higher sampling efficiency, low reagent consumption, low absolute detection limits and wide dynamic linear range. The separation/preconcentration of REEs (Tm, Sm, Ho, Nd) using NSTD was investigated and then applied to a reference sample with satisfactory results. The limits of detection were as follows: 0.1 ng, 0.4 ng, 0.1 ng, 0.8 ng with RSD 1.6%, 2.2%, 1.4%, 2.7%, for Tm, Sm, Ho, and Nd, respectively. The results were consistent with those of the reference samples.
with 1200 grooves mm -1 (The second optical instrument factory of Beijing, China).
The glaring wave length, 300.0 nm; Linear dispersion: 0.8 nm mm -1 ; Mettle Toledo 320-S pH meter (Mettler Toledo Instruments Co. LTD, Shanghai, China); 800 Deposit Centrifuge (Shanghai Operation Instrument Factory, Shanghai, China).
The operating conditions for ETV-ICP-AES are listed in Table 1 .
Standard solutions and reagents
Stock standard solutions of 1 mg mL -1 concentration of REEs were prepared by dissolving the corresponding oxides (specpure) in dilute HCI, followed by dilution to a certain volume with water.
A 60% (m/v) PTFE emulsion (d<1 µm; viscosity, 7.15 × 10 -3 Pa·S at 25˚C, provided by the Institute of Shanghai Organic Chemistry, Shanghai, China) was diluted into 6% (m/v) in each standard solution. Triton X-100 (AR made in America). All other chemicals used in the experiment were of specpure grade. The work curves of solution were depicted according to the data of the standard solution. The water used in all experiment was twice-distilled. NSTD (diameter is less than 30 nm) was provided by the laboratory of Inorganic Chemistry, Institute and Molecule Science of Chemistry, Wuhan University. 15 
Slurry sample preparation
A certain volume of the complex solution of rare earth ions was put into a 10 ml scaled test tube, and the pH value was adjusted to 7.0 with 0.1 mol L -1 dilute HCl and NH3·H2O. Then, 20 mg NSTD solid was added into the test tube. The solution was shaken for 10 min to facilitate the adsorption of the rare earth ions onto the NSTD. After stillness for 30 min, the liquid was removed by using a centrifuge. After the deposit was washed with water, 0.1 mL of 60% (m/v) PTFE emulsion, 0.5 mL 0.1% agar solution and 0.1 mL 0.1% Triton x-100 were placed into the same tube and then adjusted to 1.0 mL with water. The mixtures were dispersed with an ultrasonic vibrator for 20 min. Shaking was required to make sure that sample was evenly dispersed before each sampling.
Analytical procedure
A diagram of the modified flow path of the carrier gas between the ETV and the ICP was reported in a previous papers. 14 After the ICP had stabilized, a 20-µL slurry sample was injected into the graphite furnace, and then dried, ashed, and vaporized. The vaporized sample was carried into ICP by argon gas, and the emission signals were recorded. Before every sampling, the graphite furnace was cleaned at a vaporization temperature of 2600˚C.
Results and Discussion

Influence of the pH on adsorption
The adsorption ratio of each rare earth ion at different pH values is shown in Fig. 1 . It can be been seen that all of the rare earth ions could be quantitatively adsorbed on NSTD within a pH range of 6.5 -9.0. The optimum pH value for adsorption was found to be 7.0, for at this value no hydrolysis of the rare earth ions took place. The pH was adjusted using 0.1 mol L -1 HCl and NH3·H2O. Figure 2 shows adsorption isotherms of rare earth ions: Tm 3+ , Sm 3+ , Ho
Adsorption isotherms and static adsorption capacities (Qs)
3+
, and Nd 3+ on NSTD at pH 7.0. From Fig. 2 , it is evident that the metal ions strongly adsorb on NSTD, and that the adsorption isotherms can be divided into two regions, i.e. irreversible and reversible adsorption. After filling of the active sites on nano-size particles, reversible adsorption of the Langmuir type occurred. According to the experimental procedures, the static adsorption capacity (Qs) was measured under the optimized adsorption conditions, the results are tabulated in Table 2 .
Interference of routine metal ions
According to the above procedures and experimental conditions, the influence of the contaminant ions on the determination was investigated. 
NSTD amount, and effect of the matrix
As little an amount of NSTD as possible was utilized to adsorb the rare earth ions to decrease the matrix interference under the condition that ensure the greatest capacity. An amount of 20 mg NSTD was found to satisfy the requirement of even slurry sampling.
Fluorinated vaporization Ashing temperature and time.
In the presence of PTFE, the optimum ashing temperature to completely remove the matrix (Ti) during the ashing procedure, and not to lose the rare earth elements, was investigated. Thus, the influence of the ashing temperature on the matrix and analytes signal intensities was studied. As shown in Fig. 3 , the initial ashing loss temperature for the TiO2 matrix was 400˚C, while that of the rare earth ions was over 1000˚C. Therefore, it was very convenient to select a suitable ashing temperature between the matrix and the analytes, to remove the matrix completely and to retain the analytes in the graphite tube. An ashing temperature of 600˚C was chosen. The ashing time was also investigated; the results are shown in Fig. 4 . It can be seen that the optimum ashing time was 40s.
Vaporization temperatures and time.
The vaporization temperature has a critical effect on the analytical signal. As displayed in Fig. 5 , in the presence of PTFE, strong analytical signals were observed, which reached a plateau above a temperature of 2400˚C due to the formation of volatilizable fluorides. In the experiment, a vaporization temperature of 2500˚C was used for multielement determination; a vaporization time of 6 s with an exposure time of 10 s was chosen.
Detection limits and precision
Under the optimum experimental conditions, the detection limits (DL) and standard deviations were determined according to IUPAC. The detection limits and relative standard deviations (RSD) are summarized in Table 3 in terms of the proposed methods (n = 9; concentration: 1 µg mL -1 Sm, 0.5 µg mL -1 Ho, Tm, and Nd).
Application
The proposed method was applied to the determinations of Tm, Sm, Ho, Nd in geological samples. A 1.000 g water deposit reference sample (Hubei geological standard reference No.43 GRD37) was transferred into a PTFE crucible. A few drops of each of the following acids, HF, concentrated HNO3 and concentrated HCl were added into the crucilble. The solution was then heated to near dryness. The residue was dissolved in water and detected as outlined above. Table 4 . As shown in Table 4 , the results of detection are in agreement with those given. The recovery ratios of the four rare earth ions are given in Table 5 .
Conclusions
The experimental results indicated that NSTD could be used as the material for the separation/preconcentration of trace rare earth ions. The REEs were on-site directly analyzed by (FETV)-ICP-AES through slurry sampling at the optimized ashing and vaporization temperatures. Therefore, this method can be applied to the determination of trace REEs in practical samples. Recovery, %
